Abstract Adult craniofacial morphology results from complex processes that involve growth by bone modelling and interactions of skeletal components to keep a functional and structural balance. Previous analyses of growth dynamics in humans revealed critical changes during late ontogeny explaining particular morphological features in our species. Data on bone modelling patterns from other primate species could help us to determine whether postnatal changes in the growth dynamics of the craniofacial complex are human specific or are shared with other primates. However, characterizations of bone modelling patterns through ontogeny in non-human hominids are scarce and restricted to isolated data on facial and mandibular regions. In the present study, we analyse the bone modelling patterns in an ontogenetic series of Pan and Gorilla to infer the growth dynamics of their craniofacial complex during postnatal development. Our results show that both Pan troglodytes and Gorilla gorilla are characterized by species-specific bone modelling patterns indicative of a mainly forward growth direction during postnatal development. Both species show minor but consistent ontogenetic changes in the distribution of bone modelling fields in specific regions of the face and mandible, in contrast to other regions which show more constant bone modelling patterns. In addition, we carry out a preliminary integrative study merging histological and geometric morphometric data. Both approaches yield highly complementary data, each analysis providing details on specific growth dynamics unavailable to the other. Moreover, geometric morphometric data show that ontogenetic variation in the modelling pattern of the mandibular ramus may be linked to sexual dimorphism.
Introduction
Adult craniofacial morphology results from complex developmental processes required to enlarge the skull while keeping a structural and functional balance among skeletal components and associated soft tissues (e.g. Enlow and Hans 1996; Moss 1997a, b, c, d) . Modifications in these developmental processes-including the timing and extent of the cellular processes responsible to build new bone tissue (bone growth processes)-underlie the morphological changes observed in the evolution of the craniofacial complex (Enlow and Hans 1996) . The analysis of bone growth processes provides fundamental clues to understanding craniofacial morphology and its changes through ontogeny and phylogeny. Bone growth involves the coordinated activity of cells forming and resorbing bone tissue (i.e. bone modelling mechanism 1 ) and the displacement of skeletal elements within the craniofacial system (e.g., relocation, primary and secondary displacements, and rotations) resulting from the interactions of skeletal components and/or soft tissues.
Bone modelling activity takes place on the bone surface and can be identified and mapped as fields of bone formation and resorption through histological analyses (e.g. Enlow and Hans 1996; Bromage 1989; Martinez-Maza et al. 2010 ). The resulting cell activity maps (bone modelling patterns, BModPat) interpreted within the theoretical framework of craniofacial biology established by Enlow and Moss (e.g. Moss and Young 1960; Moss 1962; Moss and Rankow 1968; Moss and Salentijn 1969; Enlow 1963 Enlow , 1975 Enlow and Hans 1996; Moss 1997a, b, c, d) provide the basic information to infer the growth directions of each skeletal element (direction of the growth ''vectors'' sensu Enlow and Hans 1996) . Surface bone modelling data has been used to analyse facial and mandibular growth in extant and extinct hominids as well as in other primates (Johnson et al. 1976; Enlow and Hans 1996; Kurihara et al. 1980; Bromage 1989; O'Higgins et al. 1991; Wealthall 2002; McCollum 2008; Rosas and Martinez-Maza 2010; Martinez-Maza et al. 2006 , 2010 , 2011 Lacruz et al. 2013) . These studies have identified species-specific bone modelling patterns that indicate differences in growth directions related to particular morphological features such as orthognathism and the presence of a chin in Homo sapiens. In a recent publication, two of the authors in the present work (CMM and MND) carried out the first comprehensive bone modelling analysis on the mandible and facial skeleton in an ontogenetic sample of human specimens (Martinez-Maza et al. 2013) . Results from these analyses revealed: (i) ontogenetic changes in the growth dynamics (the integrated ensemble of all growth directions acting in the craniofacial system), from a largely downward growth direction in subadult specimens to a more forward growth in adults; and (ii) that variation in BModPats was restricted to specific regions of the face and mandible across individuals, contrasting with other regions of constant BModPats. The extension of these analyses to other primate species, particularly to our closest living relatives Pan and Gorilla, could help us to determine whether these bone modelling features are human-specific, associated to unique developmental processes and craniofacial morphology, or whether features are shared with other primates, defining common mechanisms and events in craniofacial development through primate evolution. Unfortunately, the laborious methodology required for these analyses has restricted bone modelling studies on extant Hominidae to isolated regions of the face (McCollum 2008) and mandible (Johnson et al. 1976 ) in subadult chimpanzees, and a comprehensive characterization of the BModPat through ontogeny is still lacking in these species. Moreover, surface bone modelling studies can only reveal part of the growth process-the last activities of the osteoblasts and osteoclasts in a given window of time during the development of the organism. Integrating geometric morphometric techniques into the interpretation of bone modelling studies offers a dynamic component by enabling one to examine bone growth through displacement (O'Higgins and Jones 1998) . At the same time geometric morphometric studies can benefit from the direct evidence of bone growth activity provided in bone modelling studies.
In the present study, we analyse both the bone modelling and displacement in the complete facial skeleton and corresponding mandible of 24 subadult and adult Pan troglodytes and Gorilla gorilla, a considerably larger sample size compared to earlier studies. Specifically, the aims of our study are: (1) to characterize the bone modelling patterns of the facial skeleton and mandible in subadult and adult chimpanzees and gorillas and to infer the associated craniofacial growth dynamics; (2) to assess the presence of ontogenetic changes in the growth dynamics of chimpanzees and gorillas through the identification of regions of variable or constant bone modelling patterns, as described in humans; and (3) to establish craniofacial growth models for these two species through the integration of surface histology and geometric morphometric (GM) data.
Materials and Methods

Material
We analysed a sample of 24 African great ape skulls (Table 1) , 12 Pan troglodytes and 12 Gorilla gorilla from the Primate Collection housed at the Natural History Museum (London, UK). Only specimens with well-preserved facial skeletons and mandibles were selected; individuals with malformations, alveolar resorption from tooth loss during life, or traumatism, were excluded from this 1 It is worth mentioning that, throughout the text, we use the term bone modelling proposed by Frost (1987) to describe the mechanism of bone growth based on the uncoupled activity of osteoblasts and osteoclasts, in contrast to some craniofacial studies that used the term bone remodelling (Enlow and Hans 1996; Bromage 1989; McCollum 2008) . The term bone modelling is broadly used in the bone biology field (Marks et al. 1996; Hill and Orth 1998; Martin 2000) and we consider that using the term remodelling could be misleading as it also refers to the cellular activities implied in bone repair (for further discussion see Martinez-Maza et al. 2006 ). Evol Biol (2016 study. Because the chronological age was not available for these specimens we divided the sample into age groups according to dental eruption. For the histological analysis we created age groups that were comparable to our previous study on Homo sapiens (Martinez-Maza et al. 2013) , dividing the sample into two broad age groups according to the third molar stage, the subadult group includes specimens without the third permanent molar (M3) or with the M3 erupting and the adult group includes specimens with the M3 fully erupted (Table 1) . In order to identify bone growth through displacement and possible ontogenetic growth differences between subadults and adults it was necessary to further divide the sample into three age groups for the GM analyses: Dental Stage (DS) 1 includes individuals with no permanent dentition; DS 2 individuals with at least the first permanent molar (M1) fully erupted; and DS 3 is composed of adult individuals, i.e. M3 fully erupted (see Table 1 ). Sex data were available for all adult specimens (three males and three females in both species), and several subadult specimens (Table 1) .
Identification of Bone Formation and Resorption Surfaces with Reflected Light Microscope: Elaboration of Bone Modelling Patterns
The BModPat shows the extent and distribution of bone formation and resorption fields on the facial skeleton and mandible. To obtain these data, we used a non-destructive methodology that involves elaboration of high-resolution replicas from the bone surface, which were analysed with a reflected light microscope ; see also Bromage 1989) . First, specimens were cleaned with 60 % alcohol using a smooth brush to remove particles adhering to the bone surface. Negative replicas were made from the best preserved side (see Table 1 ) using a lowviscosity silicone (Exaflex injection type 3 low viscosity; DVD Dental, SA, Spain). In order to solve the size restrictions of the microscope and to facilitate the manipulation of data during observation, we took replicas from specific anatomical regions of the facial skeleton (glabella, superciliar arch, nasal bones, naxomaxillary region, zygomatic bone, maxillary tuberosity, and postorbital constriction) and the mandible (buccal and lingual side of the symphysis, mandibular corpus, and ramus). The silicone negative cast was removed from the bone surface using a wooden tool and it was delimited with a retaining wall using silicone Optosil P plus and Optosil Xantopren (DVD Dental SA, Spain). Finally, positive replicas were reestablished by filling the negative mold with a polyurethane resin Feropur (Feroca, SA, Spain). Replicas were coated with gold (SC510 BIORAD) and observed under a reflected light microscope at 20 X (Olympus BX51TRF microscope equipped with an Olympus DP11 digital camera). To facilitate the location of the modelling activity data, we drew a grid of 5X5 mm squares on the surface of the replica using a sharp permanent pen and each square was referred to by a coordinate (e.g., square [1, 1] is the inferior, left corner of the grid).
The replicated periosteal bone surfaces were analysed with a reflected light microscope to identify the bone modelling activities. Bone formation and resorption fields were recognized following the criteria established by Boyde (1972) ; (see also Bromage 1989; Martinez-Maza et al. 2010) . Bone formation surfaces are characterized by mineralized collagen fibre bundles produced by osteoblasts (Fig. 1a, b ) and bone resorbing surfaces, resulting from osteoclast activity, are identified by concavities called Howship's lacunae that vary in size and appear randomly arranged (Fig. 1c, d ). Boyde (1972) and Bromage (1989) indicate that it is also possible to distinguish between active and inactive modelling activities. Boyde (1972) described the bone surfaces related to the inactive phase of the bone forming activity as smooth and shiny surfaces showing anastomosed and less defined collagen fiber bundles as they are masked by mineralized ground substance (Jones and Boyde 1970; Boyde 1972; Marks et al. 1996) . On the other hand, they associate the inactive phase of the bone resorbing activity to bone surfaces characterized by shallower Howship's lacunae with less defined margins (Jones and Boyde 1970; Boyde 1972) . The identification of active and inactive bone modelling activities in fossil remains and bones from osteological collections is difficult as they usually show altered bone surfaces resulting from taphonomic processes and/or manipulation during laboratory analyses. The sample analysed in the present study exhibited altered bone surfaces preventing the precise identification of active/inactive modelling activity. In order to avoid misinterpretations, we recorded data about bone formation and resorption surfaces with no consideration of the cellular activity state.
Bone modelling patterns for each specimen were obtained by mapping the distribution of bone formation and resorption. Following previous works, we created a generalized bone modelling pattern (gBModPat) for each species that maps the most common modelling activity state in subadult or adult specimens. (Enlow and Harris 1996; Bromage 1989; Rosas and Martinez-Maza 2010; Martinez-Maza et al. 2013 ).
Geometric Morphometric (GM) Methods
A GM approach was used in this study in order to examine bone growth through displacement (O'Higgins and Jones 1998) . In this context, the main goals of the GM analysis were (1) to establish directions of facial and mandibular growth in Pan and Gorilla; (2) to identify regions of the face that may show more pronounced growth; and (3) to determine if there are ontogenetic differences in growth between subadults and adults.
Surface scans of the same individuals as in the bone modelling analysis were acquired using a NextEngine scanner, and landmarks and semilandmarks were digitized on three-dimensional models of the scans (Table 2; Fig. 2 ) using Landmark Editor (Wiley et al. 2005) . Following previous studies (e.g., Freidline et al. 2012a, b; Freidline et al. 2013 ), a template mesh of surface semilandmarks covering the entire face and mandible was digitized on one individual and a thin-plate-spline (TPS) interpolation was used to warp this template mesh of semilandmarks to the surface of every other specimen according to their landmark and curve data. All semilandmarks were allowed to slide along tangents to the curves and tangent planes to the surface so as to minimize the bending energy of the TPS interpolation between each specimen and the Procrustes consensus configuration (Gunz 2005; Gunz et al. 2005 Gunz et al. , 2009 ). Geometric morphometric methods allow one to separate size from shape enabling growth (changes in size during ontogeny) and development (changes in shape during ontogeny) to be analyzed separately (Mitteroecker et al. . By contrast, form is only invariant to translation and rotation (Mitteroecker et al. 2013) . As this is a study on growth we are interested in the ontogeny of form (i.e. shape ? size). To achieve this, we performed separate unscaled generalized Procrustes analyses (GPA) on each species using landmark subsets (see below) converting the landmark and slid curve and surface semilandmark coordinates to form variables. In doing so, the variation associated with differences in location and orientation were removed, but not centroid size, the square root of the sum of squared distances of a set of landmarks from their centroid. All data processing and analysis was performed in R (R Development Core Team 2010). The GPA follows a least-squares oriented approach iteratively rotating all configurations until the summed squared distances between landmarks and their corresponding sample average is a minimum (Mitteroecker et al. 2013) . For samples like ours with vast size differences in facial morphology between subadults and adults, this approach could lend to potentially misleading alignments. Consequently, landmark subsets were designed based on regions of the skull that vary the least during the postnatal growth period analyzed in this study, i.e. regions of the cranium that have already completed most of the growth prior to the youngest age in our sample. Only these subsets were then used in the separate unscaled GPA.
For the facial dataset we chose to align the specimens using a landmark subset taken on the basicranium (Table 3 ). Compared to the face, the basicranium reaches adult size earlier, and it acts as a platform for the rest of the skull and brain growth (Biegert 1963) . Similarly, the mandibles were aligned (through GPA) using landmarks taken on the mandibular condyles, because of their articulation with the cranial base, and the mandibular and mental foramina, to align the ramus and corpus, respectively (Table 3) . We are not suggesting that these regions are completely invariant to growth, as studies (e.g., Ashkenazi et al. 2011; Fukase 2014) have shown that both foramina shift slightly in the anterior-posterior direction by several millimetres (the mental foramen posteriorly and the mandibular foramen anteriorly), and in Pan the basicranium continues to grow into adulthood, but less than the face (Lieberman and McCarthy 1999) .
In order determine directions of facial and mandibular growth in Pan and Gorilla we calculated mean forms for each dental stage (DS 1 through 3) using the unscaled Procrustes coordinates. This was done separately for Pan and Gorilla and the facial skeleton and mandible. General growth directions for each species and the face and mandible were then visualized by superimposing the mean forms.
A main goal in our histological analysis is to identify regions of constant or variable bone modelling patterns. In GM these regions of constant or variable bone modelling could translate to areas of more, or less, growth, respectively, through bone displacement. In other words, a region that shows more pronounced growth in a GM analysis could correspond histologically to an area of constant bone Homologous landmarks (lower case) and curves (capitalized) are abbreviated and labeled in the figure. The full names of the landmarks, and curves and surface semilandmarks and their definitions are listed in Table 2 (Color figure online) formation. Conversely, regions that show less growth could correspond to regions with variable bone modelling patterns, greater bone resorption, or a slower rate of bone growth. To determine which, if any, part of the facial skeleton and mandible show more pronounced growth during ontogeny, we compared mean forms for each DS by thin-plate spline warping the mean form of DS 1 to DS 2 and DS 2 to DS 3, separately for both Pan and Gorilla, face and mandible. Vertex differences between these two surfaces (i.e. DS 1 and DS 2, DS 2 and DS 3) are shown as a heat map of varying colors that indicate the amount of growth. These heat maps were also used to identify any ontogenetic growth differences in bone displacement between subadults and adults.
Results
General Bone Modelling Patterns of Subadult and Adult Pan troglodytes and Gorilla gorilla
Figures 3 and 4 show the individual bone modelling patterns of the facial skeleton and the mandible of the Pan troglodytes and Gorilla gorilla specimens. A detailed description of these BModPat can be found in the Supplementary Information S1. These maps show a high degree of preservation of the bone histological features. Each bone modelling map is a mosaic of bone modelling fields of variable size, shape and distribution indicating intraspecific variability. These data are used to establish the general bone modelling pattern for each age group from which we infer the growth dynamics of the facial skeleton and mandible of Pan troglodytes and Gorilla gorilla (Figs. 5, 6, respectively).
Pan troglodytes
The generalized bone modelling pattern (Fig. 5 ) of the P. troglodytes subadult face is mainly depository with bone resorption fields around the infraorbital foramen and on the upper border of the temporal process of the zygomatic bone. In the subadult mandible, the gBModPat is primarily characterized by bone formation with some resorbing surfaces on the buccal corpus and ramus. The buccal side of the corpus shows a long strip of resorption close to the inferior border of the mandibular corpus extending from the level of the mental foramen to the level of the second molar, a small field close to the mental foramen, at the lateral protuberance at the level of the second molar, and in the alveolar component at the level of the second molar. The resorbing surfaces on the buccal mandibular ramus are primarily located on the upper half extending from the coronoid, mandibular notch and condylar neck. On the lingual side, the subadult mandible is mainly depository. The lingual mandibular corpus shows a long field of bone resorption around the mylohyoid line at the level of the premolar and molar. The lingual mandibular ramus displays resorbing surfaces along the posterior border from the condylar neck to the gonial region.
In adult chimpanzees, the gBModPat also displays bone formation fields throughout the facial skeleton, whereas bone resorption activity is reduced to an area between the infraorbital foramen and the zygomaticomaxillary suture and in the alveolar component at the level of the lateral incisor and the canine. While the adult mandible is also characterized by a primarily depository surface there tends to be more resorption fields compared to the gBModPat of the subadult mandible. The buccal side shows a long field of bone resorption parallel to the inferior border and extending from the symphyseal region to the corpus-ramus contact area. The buccal side of the ramus shows a large resorbing field that extends obliquely from the coronoid to the gonial area, a field in the condylar neck, and a small field at the middle level of the posterior border. On the lingual side, the ramus is predominantly depository and bone resorption activity is reduced to small fields on the symphyseal region, in the middle level of the corpus-ramus contact area, a long field extending along the inferior border of the ramus and gonial area, around the condylar neck, and a small field in the middle level of the posterior border.
Gorilla gorilla
Like in the chimpanzee, the facial skeleton in the subadult gorilla shows a gBModPat characterized by depository surfaces. Resorbing fields are located on the alveolar component extending from the maxillary symphysis to the canines and small fields at the level of the premolars. This modelling activity is also observed close to the inferior border of the nasal aperture and in the inferior part of the zygomaticomaxillary suture. The gBModPat of the subadult mandible shows depository surfaces on both the buccal and lingual sides. Bone resorption activity is recorded on both sides of the alveolar component at the level of the premolars and the condylar neck of the ramus. The lingual side of the mandible also displays resorptive fields around the corpus-ramus contact area, close to the mandibular foramen and on the gonial area. In adult gorillas, the gBModPat of the facial skeleton is predominantly depository with an increase of bone resorption activity compared to subadult gorillas. Resorption activity is observed along the alveolar component of the incisive and canine area, a field below the infraorbital foramen, another field close to the inferior border of the zygomatic apophysis of the maxillary bone, and a field on the inferior region of the zygomaticomaxillary suture. A resorbing field is also recorded on the inner orbital margin close to the nasal bones. Like in the facial skeleton, the gBModPat of the adult mandible is mainly depository and the resorbing activity is greater than in subadult gorillas. The alveolar component on both the buccal and lingual sides shows resorbing surfaces at the level of the canine and posterior dentition. On the buccal side, a long resorptive field parallel to the inferior border extends from the symphyseal to the gonial region on the ramus. The ramus shows a large resorptive field around the mandibular notch and down the middle of the ramus. On the lingual side, bone resorption activity is observed mainly on the ramus but also on the symphyseal region close to the genii fossa. A long field of resorption runs parallel to the endocoronoid crest from the molar region to the tip of the coronoid, and extends to the mandibular notch, and on the posterior region of the ramus spreading from the mandibular notch to the mandibular foramen to the posterior border. Additionally, a Following previous studies (e.g. Enlow and Hans 1996) , growth directions of the skeletal elements are inferred from the generalized bone modelling patterns (Figs. 5 and 6), according to the principle that bone surfaces facing the direction of growth show bone formation fields whereas those opposed to it undergo resorption.
Pan troglodytes
The facial skeleton of Pan troglodytes is primarily characterized by depository surfaces in both age groups, which indicates that the chimpanzee face increases in size through ontogeny following a forward and lateral direction. Regarding the mandible, subadult and adult gBModPats show mainly depository surfaces on the buccal and lingual sides of the symphyseal region and the mandibular corpus indicating an increase in width of both regions. Specifically, on the lingual side of the corpus the subadult gBModPat shows a resorption field around the mylohyoid line suggesting a medial projection of the sublingual fossa over the submandibular fossa. The main ontogenetic differences between subadults and adults are related to an increase and decrease in the size of the bone resorptive fields on the buccal and the lingual sides of the mandibular ramus, respectively. Subadult chimpanzees display a medial growth of the coronoid and condyle region and a lateral growth of the posterior region. In the adult stage, the medial growth occurs along most of the ramus from the coronoid to the inferior border of the gonial area and concomitantly the posterior and anterior regions increase in width as inferred by depository surfaces on the buccal and lingual sides.
Gorilla gorilla
The facial skeleton is predominantly depository with slight differences between age groups consisting of an increase in bone resorbing activity on the anterior and posterior regions of the maxilla. These gBModPats indicate a main forward Fig. 4 Schematic individual bone modelling patterns from the subadult and adult specimens of Gorilla gorilla. Black colour bone formation surfaces; grey colour bone resorption surfaces; white areas damaged bone surfaces with no histological data and lateral growth of the facial skeleton. The increase in resorptive fields in adults suggests a backward growth direction in the area surrounding the zygomaticomaxillary suture, the medial growth of the areas close to the nasal aperture as well as a medial growth in areas of the anterior region of the middle face that could emphasize the narrow morphology of the anterior region of the maxilla. The resorbing fields in the alveolar component of the maxilla could be associated to dental growth and movement throughout ontogeny. In the mandible, the gBModPats of subadult and adult specimens show predominantly depository surfaces with an increase of bone resorption activity on both the buccal and lingual sides during ontogeny, which is marked in the mandibular ramus. The growth directions inferred from the gBModPat in subadults indicates a buccal and lingual growth of the mandible that causes its widening as well as its horizontal and vertical lengthening. The gBModPat of the adult mandible suggests similar growth directions in the symphyseal region and mandibular corpus to the subadult specimens but the increase of bone resorption on the inferior border in adults indicates buccal and lingual growth of the symphyseal region and the posterior and lateral growth of the corpus. The mandibular ramus shows different growth dynamics between age groups. The subadult ramus is growing in all directions widening and increasing in horizontal and vertical dimensions. In adults, the resorbing field on the buccal side indicates a medial growth of the medial area of the ramus whereas the resorbing activity on the lingual side shows the lateral growth of the superior middle half of the posterior region. Particularly, the condyle shows resorbing activity on the buccal and lingual sides that indicates the upward relocation of this region whereas in adults this activity is observed on the lingual side indicating the lateral growth of the condyle. On the coronoid, a large resorbing field along the endocoronoid crest shows the posterior and lateral growth of this area whereas the area of the ramus located posteriorly to this crest is growing medially.
Growth Dynamics Inferred from the GM Analysis of the Facial Skeleton and Mandible in Pan troglodytes and Gorilla gorilla
Directions of Facial Growth in Pan and Gorilla Figure 7 visualizes the main directions of facial and mandibular growth in Pan and Gorilla in relation to a standardized basicranium (see ''Materials and Methods'' section). In this framework, the directions of growth in both the face and mandible are very similar in the two species. In the face, the primary directions are downward, forward and lateral, combined with a ventral rotation relative to the neurocranium (i.e. klinorhynchy). The position of the mean forms of DS 2 in relation to earlier and later dental stages appear to be strikingly different in Pan and Gorilla; however, this is misleading as the individuals included in DS 2 in Gorilla show more advanced dental development. Interestingly, this suggests that, at least in Gorilla, most of the downward growth is already achieved by this point in DS 2. The inferred growth directions in the mandible are also very similar between the two species composed of a downward, forward and lateral growth of the mandibular corpus, while the ramus grows in all directions.
Pronounced Regions of Growth and Ontogenetic Differences
We propose that regions that show differential amounts of growth (i.e. more or less growth) could correspond to areas of constant or variable bone formation, bone resorption or lower rates of bone growth in our bone histological studies.
To identify these regions we compared DS mean forms by thin-plate spline warping (DS 1 to DS 2 and DS 2 to DS 3). The region and amount of growth from one DS to the subsequent DS are visualized by means of heat maps (Fig. 8) . Growth occurs in all regions of the face and mandible and is represented by dark blue, while areas that show a greater amount of growth are identified in warmer colors, the greatest being red. While all individuals in DS 1 are around the same dental age in Pan and Gorilla this is not the case for DS 2. In order to make growth comparisons fully compatible between and Pan and Gorilla we only include individuals with a permanent first molar in full occlusion, i.e. the youngest members, in DS 2. This is the condition for all members of DS 2 in Pan, but in Gorilla there is only one individual (1939.937) which meets this criterion. Consequently, in the proceeding analyses this individual was used as a sole reference for Gorilla DS 2. From DS 1 to 2 in Pan the greatest areas of growth are in the subnasal and alveolar regions of the face, and from DS 2 to 3 growth occurs more or less equally across the whole face being most pronounced in the maxillary body below the infraorbital foramen. From DS 1 to 2 in the Fig. 6 General bone modelling patterns in subadult and adult Gorilla gorilla. Dark grey areas represent bone deposition and light grey areas represent bone resorption chimpanzee mandible, the greatest amount of growth is concentrated around the buccal anterior corpus, and relative to the entire mandible, growth is greatest around the inferior transverse torus (simian shelf). From DS 2 to 3 pronounced areas of growth occur along the inferior border of the buccal corpus from the level of the canine to the corpus-ramus junction and lingually at the inferior transverse torus and symphysis. Taken together these patterns suggest subtle ontogenetic differences in facial and mandibular growth in Pan. In early ontogeny growth is more pronounced in the anterior face and mandible, suggesting a forward growth, and into adulthood the pronounced growth in the maxilla, zygomatic and buccal corpus suggest a continued forward growth combined with greater lateral growth of the face and mandible and posterior growth in the mandibular symphysis.
From DS 1 to 2 the greatest amount of facial growth in Gorilla occurs in the maxilla, the zygomatic and the anterior alveolar region above the lateral incisors and diastema and stretching superiorly to the infero-lateral corners of the nasal aperture. From DS 2 to 3, the greatest amount of growth occurs in the maxilla, below the infraorbital foramen, the zygomatic, antero-lateral alveolar region and browridge. The growth pattern in the face is very similar across dental stages, with the main difference being a more pronounced growth of the browridge into adulthood. Throughout ontogeny bone growth is less pronounced in the nasoalveolar clivus, the maxilla at the canine and premolar roots and upward, the zygomaxillary suture and the nasal bones. From DS 1 to 2 the mandibular growth pattern in gorillas is similar to the chimp pattern, being most pronounced lingually at the inferior transverse torus and buccally at the anterior corpus. From DS 2 to 3 growth is also most pronounced at the inferior transverse torus, as well as the inferior border of the corpus from the level of the canine to the corpus-ramus junction, buccally and lingually at the symphysis, and on the lingual ramus. The growth pattern on the lingual ramus differentiates adult gorillas from subadults and both subadult and adult chimps, consisting of more pronounced growth in the gonial region, anterior ramus and medial condyles. The differences in growth patterns from DS 2 to 3 compared to DS 1 to 2 could indicate ontogenetic growth differences between subadults and adults in the Gorilla mandible.Throughout ontogeny into adulthood growth is pronounced in the anterior and lateral face suggesting a forward and lateral growth direction; however into adulthood growth becomes more pronounced on the lingual ramus, suggesting greater medial growth. Overall, the growth patterns are similar between species with some subtle differences in the lower face, in particular in the nasoalveolar clivus and inferior maxilla. In both species growth is limited in the nasoalveolar clivus relative to other regions of the face, and this is particularly true for the gorilla face throughout ontogeny. Additionally in gorilla there is less extensive growth in the antero-inferior maxilla at the canine root and upward. Finally, the adult gorilla shows greater medial growth in the mandible compared to the adult chimp.
Discussion
In this study we describe the growth dynamics of the facial skeleton and the mandible of Pan troglodytes and Gorilla gorilla based on the histological analysis of bone modelling activities and the GM analyses of bone displacement in a sample of 24 subadult and adult individuals. This is, by far, the largest sample used in such a study, providing a rich collection of key information about the cellular activity related to the bone growth underlying the skeletal morphology. Our analyses reveal that individual BModPats are complex mosaics of isolated modelling fields of Johnson et al. 1976; Kurihara et al. 1980; Enlow and Hans 1996) .
The distribution of activity fields is very similar between Pan and Gorilla with slight differences in the facial skeleton and marked differences in the mandible that reveal species specific distributions. These differences are best appreciated in the generalized bone modelling patterns of both species (Enlow and Hans 1996; Martinez-Maza et al. 2013) . The chimpanzee gBModPat is characterized by formation fields covering the whole face except for a variable number of resorption fields on the mandibular ramus, and restricted resorbing fields close to the infraorbital foramen, the alveolar region of the maxilla and an extended resorbing field in the mandible (Fig. 5) . On the other hand, the gorilla gBModPat is also characterized by extensive bone formation activity with resorptive fields of different sizes and positions located on the anterior region of the face in the alveolar component and on the Fig. 8 Regions of pronounced growth in Pan and Gorilla. Growth differences between the mean forms for each dental stage (DS) are compared by thin-plate spline warping the mean form of a given DS to the subsequent DS separately for Pan and Gorilla, face and mandible. Vertex differences between these two surfaces (i.e. Stage 1 and Stage 2, Stage 2 and Stage 3) are shown as a heat map of varying colors that indicate the amount of growth (Color figure online) mandibular ramus (Fig. 6) . In both taxa, BModPats change slightly with adulthood, affecting the size and distribution of the resorption fields of the ramus as well as the resorption fields of the anterior face of Gorilla.
To our knowledge, the present work represents the first bone modelling analysis of gorilla skulls, whereas several studies on various craniofacial regions of Pan troglodytes have already been published (Johnson et al. 1976; Bromage 1989; McCollum 2008) . In most respects, the BModPats of the facial skeleton of Pan troglodytes shown here are similar to those described by Bromage (1989) and McCollum (2008) , with some differences concerning the activity fields of the anterior region of the maxilla. In this region, we have identified bone depository surfaces similar to Bromage (1989) , whereas McCollum (2008) observed resorption fields on the clival region in all chimpanzees with erupting or erupted permanent molars in her sample. Our BModPats of the chimpanzee mandible are also similar to the previous modelling maps obtained by Johnson et al. (1976) , although we observe depository surfaces characterizing the symphyseal region of adult chimps (and all but one subadult), whereas Johnson et al. (1976) described a large resorbing field in the alveolar component of the adult mandible that resembles the human bone modelling pattern. McCollum (2008) related this resorption field to that of the nasal clivus that she observed in the adult specimens. However, it must be considered that Jonhson's description (Johnson et al. 1976 ) is based on the analysis of a single adult specimen, and it may represent individual or even pathological growth peculiarities. Alternatively, differences in these adult BModPats may reflect the different geographical origin of the Pan samples, as has been suggested previously (Enlow and Hans 1996; Kurihara et al. 1980; McCollum 2008) . Further studies will be needed to test this hypothesis and to explore other causes that could be underlying such differences.
BModPats allow one to infer growth dynamics of the facial skeleton and mandible (together referred to as the face in the following paragraphs). Interpretations of these inferences strongly benefit from the theoretical framework established by Enlow and Moss (e.g. Moss and Young 1960; Moss 1962; Moss and Rankow 1968; Moss and Salentijn 1969; Enlow 1963; Enlow 1975; Enlow and Hans 1996; Moss 1997a, b, c, d ) and additional sources of information on primate craniofacial development to obtain a more complete and detailed growth model of the face of Pan troglodytes and Gorilla gorilla. In both species, BModPat data reveals that the whole face grows mainly in a forward and lateral direction. According to Enlow and Hans (1996) , the widespread bone formation observed on the facial skeleton is one of the mechanisms underlying the facial projection together with bone formation on the internal structures and cranial sutures of the posterior regions of the face (ethmomaxillary region). Particularly in gorillas, the increase of bone resorption in the anterior region of the face indicates a medial growth that could be related to the narrowing of the maxilla in this species together with the forward and downward growth of the facial skeleton. Simultaneously the mandible grows in all directions. The corresponding elongation of the mandible would result from formation fields in the symphyseal region and, especially, in the posterior margin of the ramus. Bone formation in the latter region combined with resorption fields on the anterior border of the ramus would cause the posterior relocation of the ramus while creating space for the erupting teeth (Enlow and Hans 1996) . Both species show deposition on the lingual side of the mandible indicating an increase in the mandibular width that can lead to a lateral growth only if bone formation rate on the lingual side is markedly lower than on the buccal side. The lateral and forward growth directions agree with the widening of the mandibular arcade and lengthening of the mandibular corpus observed during chimpanzee ontogeny in our GM study (see below) as well as by Daegling (1996) and Humphrey et al. (1999) . In addition to the forward and lateral growth directions, the mandible also shows an increase in the height of the ramus inferred from periosteal resorption on the condylar neck. The presence of these periosteal fields together with the corresponding endosteal formation fields indicate an upwards growth following the V principle (Enlow 1963 ; see also Enlow and Hans 1996) in response to the general downward growth of the facial skeleton, as demonstrated in Homo sapiens and Macaca mulatta by bone modelling (Enlow and Hans 1996 ; and citations there in) and by cephalometric implant studies of humans Skieller 1976, 1983) and macaques (Schneiderman 1992) . According to these studies, bone formation at the sutures attaching the midface to the neurocranium as well as bone modelling activity in the anterior nasal cavity floor and palate cause a downwards growth of the maxilla. These growth dynamics have been confirmed in an ontogenetic series of Pan troglodytes and Gorilla gorilla using superimposed facial profiles through the Frankfort plane (Krogman 1931a ) and vestibular plane (Delattre and Fenart 1960) as well as in bone modelling patterns (McCollum and Ward 1997; McCollum 2008) . These studies also showed an additional downward growth in gorillas as we have suggested from the resorbing fields observed in the anterior region of the face. Increase in size of the maxilla would cause a primary downwards displacement of the mandible and concomitantly an increase in height of the ramus in order to keep contact with the basicranium through the temporomandibular junction (Enlow and Hans 1996) . Interestingly, according to our histological data the ramus is the only region that consistently differs between species during ontogeny, probably reflecting the complex dynamics required to preserve the functional contact with the basicranium. In gorillas, the maxilla begins to grow medially while keeping its forward growth, emphasizing facial projection, and thus, the mandibular ramus experiences complex changes in its growth dynamics, associated with high intraspecific variability, as we will discuss later.
A second objective in the present study was to determine whether these bone modelling patterns show ontogenetic changes as observed in humans (Martinez-Maza et al. 2013) . Indeed, our data reveals that the BModPats of chimpanzees and gorillas change during ontogeny. Ontogenetic changes primarily affect the bone modelling fields of the mandibular ramus in chimpanzees and gorillas as well as the BModPat of the anterior region of the maxilla in gorillas. These are the same two regions showing ontogenetic changes in humans, and, interestingly, where the most intraspecific and interspecific variability in BModPats is concentrated in all three species (Fig. 9) . Such ontogenetic variation in BModPats as well as the particular distribution of regions of variable and constant BModPats can be better interpreted by integrating the present results with previous data on Homo sapiens within the craniofacial biology framework established by previous authors (e.g. Moss and Young 1960; Moss 1962; Moss and Rankow 1968; Moss and Saletjin 1969; Enlow 1963; Enlow 1975; Enlow and Hans 1996; Moss 1997a, b, c, d ). This framework establishes that the growth of the brain and the surrounding soft tissues underlie the growth dynamics of the facial skeleton. According to this model, the increase in size of the frontal lobe during ontogeny requires a lateral and forward enlargement of the anterior cranial base, which causes a forward and downward displacement of the upper face (Moss and Young 1960; Enlow and Hans 1996; Lieberman et al. 2011) accompanied by a size increase through bone deposition (Enlow and Hunter 1966) . In parallel, the growth of the temporal lobe causes the expansion of the middle cranial base (Enlow and Hans 1996) and, consequently, the downward displacement of the ethmomaxillary complex and its forward and downward growth. Altogether, these craniofacial growth dynamics cause the downward and forward displacement of the whole mandible and the simultaneous horizontal growth of the ramus (the structural counterpart of the middle cranial base). Growth dynamics of all craniofacial components as well as the relationships among them take place within a spatial framework defined, among others, by the cranial base flexure, the posterior maxillary (PM) plane, the neutral horizontal axis (NHA) of the orbit, and the occlusal plane (Enlow and Azuma 1975; Enlow and Hans 1996 ; Lieberman 2011a and citations there in). In most respects, the growth dynamics inferred for chimpanzees and gorillas in the present work agrees with this craniofacial growth framework, particularly in subadult individuals. Upon adulthood, our data reveals changes in growth dynamics especially in the maxilla and mandible (Gorilla gorilla) or just only in the mandible (Pan troglodytes) that could be interpreted following the hypothesis proposed for Homo sapiens (Martinez-Maza et al. 2013) . Previously, we hypothesized that the ontogenetic changes in human bone modelling patterns reflect changes in the underlying biological scenario, particularly the cessation of the growth of the brain and the cranial base as well as fusion of different cranial sutures. To some extent, this hypothesis can be applied to explain the ontogenetic changes observed in Pan and Gorilla. However, ontogenetic changes in both primates are more limited, maybe reflecting in part that, unlike in humans, the cranial base in both primates keeps growing after the brain has ceased its growth (Lieberman and McCarthy 1999; Lieberman et al. 2000) , maintaining the growth dynamics of subadults into adulthood. Differences in the flexure of the cranial base and the relative position of the orbital cavity with respect to the frontal lobe of the brain may also contribute to the different ontogenetic changes observed in humans, chimpanzees and gorillas (Lieberman et al. 2008) . The characteristic flexure of the human cranial base and the inferior position of the orbital cavity relative to the frontal lobe of the brain results in downward displacement and increase in size of the facial skeleton during ontogeny which underlies the orthognathism of our species (Lieberman 2011a) . The end of brain growth before adulthood may limit the vertical component of facial growth, whereas it continues to grow forward following its own skeletal trajectory (Lieberman 2011a; Neubauer et al. 2010; Martinez-Maza et al. 2013) . Conversely, the less flexed cranial base and the position of the orbit in front of the frontal lobe of Pan and Gorilla could contribute to a more forward growth of the face leading to their characteristic facial projection. Therefore, we hypothesize that the end of brain growth does not significantly alter these dynamics, leading to minor ontogenetic changes in bone modelling activities. In summary, our data suggest that in primates biological events that occur in the craniofacial system before adulthood give rise to changes in growth dynamics. However, the peculiar flexure and early arrest of growth in the human cranial base and the associated inferior position of the orbit relative to the frontal lobe could determine the marked ontogenetic changes in the growth dynamics observed in our species.
Our data also reveal the existence of specific regions of variable and constant bone modelling patterns in chimpanzees and gorillas as observed in humans. The distribution of these regions is broadly similar in the three species and also agrees with the regions showing ontogenetic changes in the bone modelling patterns. Intraspecific variation and ontogenetic changes concentrate in the anterior region of the maxilla in Homo and to a lesser extent in Gorilla and in the mandibular ramus in Pan, Gorilla and Homo (Fig. 9) . Interestingly, these variable regions are adjacent to intra-and interspecific constant regions of the upper face and the mandibular corpus, respectively. These regions agree with Enlow's facial counterparts, the columnar modules that distribute at both sides of the posteromaxillary plane (Enlow and Hans 1996) . Within this scheme, the anterior craniofacial column would present two stable parts-the upper face and mandibular corpus-separated by a variable counterpart at the ethmomaxillary complex. It is tempting to hypothesize that the constant BModPats of the upper face and the mandibular corpus across species and ages reflects the existence of phylogenetically preserved constraints, likely associated to the developmental processes that determine the growth dynamics of these regions. The variable bone modelling patterns of the ethmomaxillary complex would reflect its capability to change growth dynamics in order to preserve the relations among the growing components of this anterior column. Similar dynamics can be expected in the posterior craniofacial column, however detailed BModPats of the pharynx and middle cranial fossa are still lacking. Alternatively, differences in bone modelling variability across regions may reflect differences in the mechanical forces acting on the different anatomical regions (Enlow and Hans 1996; Klingenberg 2008; McCollum 2008; Neaux et al. 2015) .
A third objective of the present work is to establish craniofacial growth models for Pan troglodytes and Gorilla gorilla through the integration of surface histology and geometric morphometric (GM) data. Recently, we have explored the potential of combining bone modelling and geometric morphometric data to establish more accurate growth models (Freidline et al. 2014; Brachetta Aporta et al. 2014) . To further explore this approach, we have compared the growth dynamics derived from the present bone modelling data with those derived from GM analyses. More specifically, a GM approach was used in this study in order to examine bone growth through displacement by determining main directions of facial and mandibular growth in Pan and Gorilla; identifying regions of the face that may show more pronounced growth; and comparing ontogenetic growth patterns between subadults and adults. Like in the histological analysis, we find that the main directions of growth are forward, downward and lateral in both Pan and Gorilla. Taken together the GM studies suggest that in early ontogeny (before or around the eruption of the first permanent molar), at least in Pan, growth is greatest in the forward direction. This could be related to continued growth of the cranial base, discussed previously, contributing to a more forward growth of the face leading to the characteristic facial projection in chimps (as well as gorillas). Evidence for this is shown in both the mean form superimpositions (Fig. 7) and the pronounced growth pattern in the anterior maxilla and mandible in Pan (Fig. 8) ; whereas in the same dental stage in Gorilla, facial growth is also greatest in the lateral direction (Fig. 8 ). In the DS 2 gorilla mean form, which consists of individuals slightly older than Pan DS 2, the facial skeleton has already reached the amount of downward growth present in the adult mean form (Fig. 7) , but still has considerable forward growth to achieve. These results could suggest subtle differences in facial growth trajectories in Pan and Gorilla, or may be attributable to small sample sizes, the inherent bias in the DS 2 sample composition, or to differences in basicranial growth (the landmarks used to align the specimens). In later ontogeny into adulthood facial growth occurs in the forward, lateral and downward (at least in Pan) directions. Correspondingly, the mandible grows forward, downward, lateral in both species, while the ramus grows in all directions. Interestingly, Pan and Gorilla show pronounced growth in different parts of the facial skeleton and mandible, and these patterns are generally maintained throughout ontogeny into adulthood. How do regions of pronounced growth relate to bone modelling? Our bone histological analyses indicate that in the facial skeleton the main difference between Pan and Gorilla is the more extensive bone resorption in the anterior region of the face in gorillas, in particular the alveolar component. This pattern suggests a medial growth in the middle face that could emphasize the narrow morphology of the anterior region of the maxilla in Gorilla, and the resorbing fields in the alveolar component of the maxilla could be associated to dental growth and movement throughout ontogeny. Earlier we suggested that areas of constant bone formation could correspond to areas of pronounced growth in our GM analysis, whereas areas of variable formation, resorption or slower growth rates could be indicative of less growth. Like in the bone modelling analysis, the main difference in bone growth patterns between Pan and Gorilla is also in the anterior maxilla and alveolar region. In this region, Gorilla shows a unique growth pattern throughout ontogeny characterized by isolated regions of less facial growth, in particular around the root of the canine and premolar and extending superiorly towards the nasal aperture and around the nasoalveolar clivus. Whereas, in Pan, particularly from later ontogeny into adulthood the anterior maxilla and alveolar region shows a greater area of more pronounced growth, except in the nasoalveolar clivus. The results of our histological study do not show resorption in the nasoalveolar clivus, although McCollum's (2008) study on bone modelling in Pan did document this pattern. Perhaps the growth rate in the nasoalveolar clivus is slower than the adjacent maxillary region suggesting less pronounced growth in this region. Thus, apart from the nasoalveolar clivus, the bone modelling results in the facial skeleton are comparable to the growth patterns observed in the GM analysis.
According to our GM analyses, the most pronounced areas of growth throughout ontogeny in the mandible of Pan and Gorilla is around the inferior transverse torus. At least in the subadult gBModPat in Pan this pattern has been identified in the histologically data such that the lingual side of the corpus shows a resorption field around the mylohyoid line suggesting a medial projection of the sublingual fossa over the submandibular fossa. In early ontogeny, from DS 1 to 2, the growth patterns in the mandible are similar in Pan and Gorilla being most pronounced in the anterior corpus (in addition to the inferior transverse torus) corresponding to a main forward growth, complementing the facial skeleton. Subtle differences between Pan and Gorilla occur in later ontogeny into adulthood. In our bone histology analysis, both species show deposition on the lingual side of the mandible indicating an increase in the mandibular width that can lead to a lateral growth only if bone formation rate on the lingual side is markedly lower than on the buccal side. Our GM results suggest that this is the case. In both species growth is more pronounced on the buccal corpus compared to the lingual. Additionally, in both species growth is pronounced in the lingual symphysis; however, in Gorilla the mandible also shows more pronounced growth around the buccal symphysis and lingual ramus, indicative of a more posterior and medial growth, respectively.
In order to test how sexual dimorphism influences these growth patterns, we compared DS 2 to the mean male adult form and to the mean female adult form for each species, face and mandible (see Supplementary Information S2) . In the face, species differences in growth patterns are maintained regardless of sex. In the mandible, however, the growth differences in chimpanzees between DS 2 to adult males is similar to the gorilla adult mean form (pooled males and females) by showing more pronounced growth on the lingual ramus. Thus, in the GM analysis the differences in pronounced growth in the mandiblular ramus in later ontogeny are more likely a result of sexual dimorphism.
Additionally, our GM results indicate subtle ontogenetic differences in growth patterns between subadults and adults, however these differences are not the same as those identified in our bone modelling analysis, which shows ontogenetic changes primarily affecting the bone modelling fields of the mandibular ramus in chimpanzees and gorillas and the anterior region of the maxilla in gorillas. In the GM study we show that ontogenetic changes in the mandibular ramus are largely attributable to sexual dimorphism and that the unique growth pattern in the anterior maxilla in Gorilla is maintained throughout ontogeny and into adulthood, regardless of sex. On the other hand, the GM analyses reveals ontogenetic differences in growth patterns in the mandibular corpus in both species, from a more forward growth in early ontogeny to a more lateral growth in adulthood. Additionally, in both species the development of the browridge becomes more pronounced after the eruption of the first permanent molar. Interestingly, according to our histological analyses these two regions, the upper face and mandibular corpus, represent intra-and interspecific constant regions.
Throughout the study, we have assumed the theoretical framework proposed in Moss' functional matrix hypothesis that considers bone growth as a balancing response to the requirements of the changing soft tissue and functional cavities in the cranium. However, as Lieberman (2011b) points out the original functional matrix hypothesis is oversimplified by not accounting for the high levels of epigenetic interactions, the variable effects of interactions between genes, embryonic development and the environment, both within and between units. In other words, as the different modules in the cranium develop, grow and function they interact with each other to accommodate high levels of variation without compromising function (Lieberman 2011b) . Consequently, the skeleton is not completely genetically determined, but results from the interactions of cells with their environment including musculature (Herring 2011) .
The important role of musculature and its relationship to osteogenesis is particularly evident in the growth dynamics of the mandibular ramus. Our results show a contradiction between the highly resorptive surface of the mandibular ramus in chimpanzees and gorillas and the more pronounced medial growth in this region, especially in male gorillas. The presence of resorptive surfaces at muscle attachment sites has led some researchers to deny a relationship between muscle loading and osteogenesis (Hoyte and Enlow 1966) . However, Herring (2011) shows that in some instances, muscle contraction creates pressure, rather than tension on the bone explaining the observed resorption. Additionally, muscle-activity pattern could modify periosteal vascularity and, hence, osteogenesis (Herring 2011) . Along these lines, muscle contraction and targeted remodeling could explain the observed resorption on the lingual ramus and the more variable bone modelling pattern in this region across species. Concomitantly, the overall greater muscle mass in the medial and lateral pterygoids in male gorillas could explain the more pronounced medial growth in this region. Thus, the mandibular ramus does not show a one-to-one correspondence between bone modelling patterns and growth trajectories inferred from GM data, however the results of both analyses ultimately emphasizes the high variability in this region without compromising function (Lieberman 2011b) .
These comparisons confirm that the integration of histological (BMP) and form (GM) data provides additional details about the growth dynamics and the high complementarity of both approaches. In this respect, GM provides clues on trajectories unavailable to bone modelling analysis using current methods, such as the downward growth of the whole facial skeleton, a main growth component of the craniofacial complex (Krogman 1931b; Delattre and Fenart 1960 ) that can only be predicted indirectly by bone modelling data. In return, bone modelling provides information on the bone growth processes underlying the growth changes observed by GM. For example bone formation sites on the anterior border of the ramus which can be overlooked in a geometric morphometric analysis and rather attributed to the end result i.e. the anterior and posterior elongation of the mandible. Taken together, this confirms the interest in developing strategies to combine shape and bone modelling data. However, the present comparison represents just a proof-of-concept in a reduced sample, and further analyses of BModPat with GM datasets from larger samples are needed to establish how to combine both sources of data to develop more precise and detailed growth models.
Throughout this study we have differentiated among fields of bone formation and bone resorption, since, presently there are no available methods to infer bone modelling rates. Although this limits our conclusions about the precise craniofacial growth dynamics of Pan and Gorilla, Evol Biol (2016) 43:60-80 77 our results reveal species-specific bone modelling patterns, different from that of Homo sapiens. Interpretation of the general bone modelling patterns within Enlow's theoretical framework and its comparison to geometric morphometric data indicates that both species are characterized by a major forward growth direction, and that, contrary to humans, chimpanzees and gorillas only present minor but consistent ontogenetic changes in the distribution of bone modelling fields that would not affect the main growth directions during postnatal development. Our histological data also shows that the distribution of specific regions of variable and constant growth patterns is similar in chimpanzees and gorillas as observed in humans, which suggests that the anatomical distribution of these regions could be preserved among living Hominini. In this respect, results from GM analysis suggest that histological variability in the mandibular ramus could result from sexual dimorphism, possibly indicating differences in growth dynamics between males and females. These findings highlight the potential of integrating histological (BModPat) and form (GM) data to analyse the bone growth dynamics underlying the skeletal morphology.
